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Description 

[CXWI] The present invention relates to fiber optic gy- 
roscopes and, more particularly, pertains to a sensor coil 
design, for example for use in high vibration environ- 
ments and in rapidly-changing temperature environ- 
ments. 

[0002] An interferometric fiber optic gyroscope com- 
prises the following main components: (1 ) a light source, 
(2) two beamsplitters (fiber optic directional coupler and/ 
or integrated-optics Y-junctions) to satisfy the require- 
ment of a "minimum reciprocal configuration" (S. Ezekiel 
and M. J. Arditty, Fiber Optic Rotation Sensors New 
York. Sprlnger-Verlag p. 2-26 1982), (3) a fiber sensing 
optic coil made of either polarization maintaining (PM) 
fiber or made of low-birefringence (standard telecom- 
munications) fiber, (4) a polarizer (and sometimes one 
or more depolarizers); and (5) a detector Light from the 
light source is split by the loop beamsplitter intocoprop- 
agating and counter-propagating, waves travelling In 
the sensing coil. The associated electronics measures 
the phase relationship between the two interfering, 
counter-propagating, beams of light that emerge from 
opposite ends of the coil. The difference between the 
phase shifts experienced by the two beams Is propor- 
tional to the rate of rotation of the platform to which the 
instrument is fixed, due to the well-known Sagnac effect. 
[0003] Environmental factors can affect the measured 
phase shift difference between the counterpropagating 
V beams, thereby introducing a bias error. Such envi- 
ronmental factors include variables such as tempera- 
ture, vibration (acoustical and mechanical) and magnet- 
ic fields. In general, such factors are both time varying 
and unevenly distributed throughout the coil. These en- 
vironmental factors induce variations in the optical light 
path that each counterpropagating wave encounters as 
!t travels through the coil. The phase shifts induced upon 
the two waves are unequal, producing a net undesirable 
phase shift which is indistinguishable from the rotation- 
induced signal. 

[0004] One approach to attain a reduction of sensitiv- 
ities arising from environmental factors has involved the 
5.jse of various symmetric coil winding configurations. In 
such coils, the windings are arranged so that the geo- 
metrical center of the coil is tocated at the innermost lay- 
er while the two ends of the coil are located at the out- 
ermost layers. 

£0005] N. Frigo has proposed the use of particular 
winding patterns to compensate for non-reciprocities in 
'Compensation of Linear Sources of Non -Reciprocity In 
Sagnac Interferometers". Fiber Optics and t-aser Sen- 
iors I . Proc. SPIE Vol. 412 p. 268 (1983) FurthernrKDre 
i jnited States patent 4.793,708 of Bednarz entitled "Fib- 
ar Optic Sensing Coil" teaches a symmetric fiber optic 
sensing coil formed by dualpole or quadrupole winding 
The coils described in that patent exhibit enhanced per- 
formance over the conventional helix-type winding. 
[0006] United States patent 4,856,900 of Ivancevic 



entitled "Quadrupole-Wound Fiber Optic Sensing Coil 
and Method of Manufacture Thereof teaches an im- 
proved quadrupole-wound coil in which fiber pinching 
and microbends due to the presence of pop-up fiber 

5 segments adjacent the end flanges are overcome by re- 
placing such pop-up segments with concentrically- 
wound walls of turns for climbing between connecting 
layers. Both of the aforementioned United States pat- 
ents are our property. 

10 [0007] While appropriate coll winding techniques min- 
imize some of the bias errors found in the output of a 
fiber optic gyro, they are not capable of eliminating all 
of such biases. In particular, the design of the gyro sen- 
sor coil can impact the gyro's random walk, bias stability. 

IS bias terr^erature sensitivity, bias temperature ramp 
sensitivity, bias vibration sensitivity, bias magnetic sen- 
sitivity, scale factor temperature sensitivity, scale factor 
linearity and input axis temperature sensitivity. 
[0008] Different problems to the foregoing are asso- 

20 elated with the storage and transporting of optical fibre 
on colts to locations at which the fibre is to be further 
processed. Such problems, particularly in the context of 
ease of payout of the fibre from a bobbin are discussed 
in EP-A-0 391 557 where it is proposed that there be 

2S applied to convolutions of optic fiber adhesive which in- 
cludes a silicone adhesive constituent having a modulus 
behaviour which is relatively stable over a relatively wide 
range of temperatures when relatively high payout 
speeds are employed. For this purpose the glass fran- 
co sition temperature of the silicone employed is to exceed 
a stated upper temperature limit. 
[0009] It is now recognized, in our European Patent 
Application No. 94305592.1 (0 694 761) filed concur- 
rently with this case, that when a sensor coil Is to be 

3S used in a fibre optic gyroscope, potting the windings of 
a sensor coil within a matrix of adhesive material is ad- 
vantage as it facilitates the precision of coil winding. 
More specifically It is disclosed in that concurrent case 
that the composition of the potting material can have a 

40 significant impact upon the vibration bias sensitivity of 
the fiber optic gyro due to a non-reciprocal phase shift 
between the light waves counterpropagating within the 
coil as a result of changes In fiber length and refractive 
index brought about by vibration dynamic strains. 

45 [0010] The concurrent patent application discloses a 
sensor coil whose design incorporates a number of fea- 
tures for minimizing the aforesaid environmental fac- 
tors. Among the issues identified and addressed in that 
patent application is the relatkxiship between the mod- 

so ulus of elasticity of the potting material composition of 
an encapsulatedbensor coil and vibration-induced bias. 
[0011] Generally, it is disclosed in that application that 
gyro performance in terms of vibration-induced bias is 
significantly improved by the use of potting material pos- 

55 sessing a high modulus of elasticity or Young's modulus 
although not so high as to produce other problems re- 
lated to gyro operation at temperatures significantly re- 
moved from the curing temperature of the potting mate- 
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rial such as temperature related coil cracking, h-param- 
eter (polarization cross-coupling) degradation i1 the coil 
IS of PM-fiber composition, and large bias temperature- 
sensitivity. Polymers are attractive candidates for the 
adhesive potting material due to such common proper- 
ties as substantial impermeability to moisture and the 
like. Sensor coils have been fabricated of polymers that 
incorporate the teachings of the referenced patent ap- 
plteation. For example, coils encapsulated in the UV- 
curable acrylate-adheslve marketed under the trade- 
mark •NORLAND 65" have demonstrated adequate vi- 
bration bias characteristics. When cycled through a tem- 
perature range that includes the gyro's operational 
range, such coils may exhibit some disturbing, temper- 
ature-related, anonr^lies. These include so-called "bias 
spiking" and "bias crossing". Each of such phenomena 
can significantly hamper the successful operation of the 
gyro for some applications. A bias spike may be of suf- 
ficient magnitude to take a gyro out of specification while 
bias crossing can effectively render the ability to model 
out the bias error impossible or impractbal. 
[0012] According to the present invention, there is 
provided a fiber optic gyroscope having a specified op- 
erating temperature range and incorporating a sensor 
coil comprising an optical fiber arranged in a plurality of 
concentric cylindrical layers, each of said layers com- 
prising a plurality of turns of said fiber, characterised in 
that the fiber optic gyroscope has a specified operating 
range which extends down to a temperature equal lo or 
below 0*C and in that each of said turns is encapsulated 
in a potting materia} having a glass transition tempera- 
ture lying below said specified operating temperature 
range. 

[001 3] Where a gyro's operating range is not specified 
or known, then, in one case, one could specify for the 
potting material a glass transition temperature signifi- 
cantly below 0 degrees Centigrade, i.e. below- 10. below 
-15 or below -20 degrees Centigrade as many gyro- 
scopes are required to operate at or below 0 degrees 
Centigrade. For ideal commercial applications one 
might additionally specify below -40 degrees Centi- 
grade, e.g. outside the -40 degrees Centigrade to + 60 
degrees Centigrade operating range usually specified 
?or such applications, and for military applications below 
-55 degrees Centigrade, e.g. outside the -55 degrees 
Centigrade to + 105 degrees Centigrade operating 
range usually specified for such applicatbns. 
[001 4] For a better understanding of the invention and 
to show how the same may be carried into effect, refer- 
ence will now be made, by way of example, to the ac- 
companying drawings, wherein: 

Figure 1 is a perspective view of a sensor coil for a 
fiber optic gyroscope in accordance with one em- 
bodiment the invention; 

Figure 2 is an enlarged cross-sectional view of a 
representative portion of the layered windings of the 



sensor coil of Figure 1; 

Figures 3 and 4 are graphs that illustrate bias as a 
function of temperature for a gyro including a sensor 
5 coil potted in NORLAND 65 W-curable acrylate-ad- 
hesive according to Figures 1 and 2; 

Figure 5 is graph of the Young modulus of cured 
NORLAND 65 acrylate-adhesive as a functk>n of 
10 temperature; 

Figures 6(A) and 6(B) are graphs of the Young's 
nfKxlulus of a silicone composltton without and with 
carbon black filler materia), respectively, as a func- 
is tion of temperature; 

Figure 7 is a graph of bias error as a function of tem- 
perature for a gyro including a sensor coil potted in 
a silicone composition with carbon-black filler; and 

20 

Figure 8 is a graph of the AC. bias due to vibration 
versus shaker frequency for a coil potted in carbon- 
black filled silicone. 

2S [001 5] Turning to the drawings, Figure 1 is a perspec- 
tive view of a sensor coil 10 in accordance with one em- 
bodiment of the present invention. As mentioned earlier, 
the sensor coil 10 provides a critical element of a fiber 
optic gyro system. In use, it is rigidly fixed to a platform 

30 whose rotation rate is to be measured. 

[0016] The sensor coil 10 comprises an optical fiber 
1 2 that is wound upon a supportive spool 1 4 and serves 
as an optical guide for receiving a counterpropagating 
beam pair emitted from a common light source (not 

3S shown). The supportive spoof 4 of Figure 1 includes end 
flanges, the presence or absence of which is optional. 
[001 7] The spool 1 4 is pref erabfy of carbon composite 
composition, or of another material of similar thermome- 
chanical properties (in particular, a stiff materia) with a 

^ low coefficient of thermal expansion), including woven 
carbon fibers such as those commercially available from 
such sources as the Amoco Corporation under the 
trademarks ■P-25". "P-55" or "P-105". The spool 14 is 
formed of fibers that have been built up into multiple fiber 

45 layer tubes or sheets by means of a bonding matrix of, 
for example, phenolic material. The spool 14 can be 
formed from such tubes or sheets by a number of known 
processes including, for example, cutting sectbns 
therefrom. Alternatively, the woven fiber can be ar- 

50 ranged into predetermined orientations and shapes in a 
die and the borfding material cast around it. Another 
process employs transfer molding in which the chopped 
fiber is mixed with a transfer molding material and then 
transferred or pressure injected into a transfer mold. The 

55 fibers are preferably oriented at right angles within the 
bonding matrix material, aligned both longitudinally and 
circumferentially with respect to the spool's axis of rota- 
tion 22. By so arranging the fibers, the spool 14 will ex- 
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pand symmetrically both longitudinally and radially with 
temperature. 

[001 8] As disclosed in the referenced patent applica- 
tion, a theoretical modef of bias non-reciprocities in a 
fiber optic gyroscope developed by the inventors dis- 
closes that gyro bias errors under a dynamic thermal 
environment can be due to thermaJ stress. This effect is 
similar to the standard temperature Shupe effect report- 
ed in "Thermaffy Induced Non-Reciprocity in the Fiber 
Optic Interlerometer", D. M. Shupe. Applied Optics . Vol. 
1 9, p. 654 (1 980). The use of a carbon composite-based 
spoo} 74 addresses one of such sources oi bias erros, 
the thermal mismatch that exists between a glass optical 
fiber and a conventional metaffic spoof. Another driver 
of thermal stress-induced bias error is thermal stress 
due to expansion /contraction of the coil potting material 
(discussed below). The differences between the stand- 
ard temperature-Shupe effect and the thermal-stress in- 
duced Shupe effect are clearly noticeable when a coif is 
subjected to a steady-state temperature ramp. While the 
bias error due to the standard Shupe effect dies away 
as soon as the temperature gradients become constant 
with time, the bias error due to the themnal-stress effect 
is non-zero as fong as the temperature of the coif rs 
changing and that effect remains even after the temper- 
ature gradients have reached steady-state. Contrasting 
the effects, the standard Shupe effect is majnJy a func- 
tion of the rate of change of the temperature gradients 
across the coil while the thermaf-stress induced Shupe 
effect is mainly a function of the rate of change of the 
coil average temperature. 

10019] Figure 2 is an enlarged cros&-seci)ona\ view of 
a representative portion of the layered windings of opti- 
cal fiber 12. As can be seen the windings of opticaf fiber 
12 are potted within a matrix of adhesive material 16. 
Generally, the presence of such adhesive material 16 
provides a number of useful advantages for the gyro, 
[0020] These include facilitating the precision of coil 
winding. That is, the adhesive potting matertai t6 can 
be applied and cured tayer-by-layer so that smooth sur- 
faces will be presented for the winding of subsequent 
layers. Such a winding environment enhances control 
of the resulting coil geometry including such essential 
factors as inter-fiber spacing, turns per tayer and layers 
per coil and minimizes winding defects such as "missing 
turns". 

l002^} Various manufacturing methods can be em- 
ployed to create a coil in which the tums or windings are 
embedded in a matrix of adhesive potting material, Such 
methods include, for example, application of the adhe- 
sive by means of a syringe-type dispenser followed by 
curing. Such methods assure that smooth surfaces will 
be presented for the winding of subsequent layers. A 
uv-corabfe adhesive which permits rapid hardening is 
most appropriate for such methods. 
[0022] Other methods of manufacture include dry coil 
winding followed by vacuum impregnation with a very 
low viscosity adhesive. An alternative wet winding tech- 



nique employs a thermally -curable adhesive that is ap- 
plied as the coil is wound. The adhesive is left uncured 
(in liquid form) during winding. The completed (wound) 
coil is then thermally cured, 
s [0023] While coil potting provides numerous benefits, 
the selection of the potting materiaf and its method of 
application can itself effect gyro performance signifi- 
cantly. In particular, through careful selection of the ad- 
hesive potting material 16, the sensitivity of the sensor 

10 coil 1 0 to vibration-induced bias errors and temperature 
effects can be signrficantfy reduced. 
[0024J The bias vibration sensitivity of a sensor coil 
results from processes within the coil that introduce a 
non-reciprocal phase error into the output that is indis- 

IS tinguishable from the rotation rate signal . Such sensitiv- 
ity is caused by a non-reciprocal phase shift in the coun- 
terpropagating waves that, in turn, results from changes 
in fiber length and refractive index brought about by vi- 
bratfon dynamic strains. This bias error is similar in na- 

20 ture to the Shupe bias error described earlier, the main 
difference being that the environmentaf perturbation is 
vibratory strain rather than changing temperature. 
[0025] The inventors have experimentally observed 
that when resonance frequencies are greatly removed 

25 from the instrument performance bandwidth (and the 
noise factor is negligible), the open loop response of the 
gyroscope to a sinusoidal vibration sweep is a linear 
function of vibration frequency. This is true when the di- 
rection of vibration is either paralle] to the co]\ input axis 

30 (axial vibration) or perpendicular to it (transverse vibra- 
tion). That is. the fiber optic gyro bias vibration sensitivity 
is a linear function of vibration frequency, a result that 
has been predicted by the bias vibration sensitivity mod- 
ef developed by the inventors. Furtherwore, under 

3s transverse vibration, the gyro output exhibits an azi- 
muthal dependence that is nearly sinusoidai, (i.e. varies 
as the SIN of the azimuth angle.) 
[0026] The consequences of this vibration sensitivity 
are stgn^icant. Even though a direct D.C. bias effect, 

^ called 'D.C. rectification", lias not been obsen/ed. vibra- 
tion-induced saturation of the electronic components 
can prevent the closed-toop electronics from monitoring 
the rotation rate at certain vibration frequencies. This 
can be manifested as an apparent D. C. rectification. An- 

^ gle rate noise may also result from the vibration as well 
as pseudo-coning at the system fevef. 
[0027] The above-described vibration -associated 
problems may be minimized or eliminated by arranging 
the matrix comprising potting adhesive and fiber wind- 
so ings so that the vibration dynamic stresses experienced 
in the fiber windings are minimized. High stresses and 
strains in the fiber core are produced by dynamic ampli- 
fication. This hamnful dynamic amplification effect can 
be traced to the use of an adhesive potting materia) of 

ss insufficient elastic stiffness. However, the use of a very 
high Young's modulus potting materiaf is tempered or 
limited to some degree by certain temperature-related 
effects that accompany too much stiffening of the potting 
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material. Among those eflects are coil cracking, h-pa- 
rameter (polarization cross-coupling) degradation if the 
coil is of PM-fiber composition, and large bias tempera- 
ture-ramp sensitivity. Adequate solutions have been 
found to the problem of vibration-induced bias by potting 
sensor coils in various polymers, highly desirable due 
to their adhesive and encapsulating properties. Howev- 
er, It is found that, when potting coils in certain polymers, 
gyros exhibit other significant bias errors that appear to 
be unrelated to vibration. Most significantly, the Inven- 
tors have found that the disturbing phenomena of bias 
spiking and/or bias crossing regularly occur in gyros em- 
ploying such polymers for coil potting material as the 
iJV-curable aery late-adhesive marketed as NORLAND 
65. Such anomalies appear when the sensor coil is cy- 
cled over the range of operating temperatures. 
[0028] Figure 3 is a graph of the relationship of bias 
error (degrees per hour) to coil temperature (over a 
range of approximately -10 degrees Centigrade to 70 
degrees Centigrade) for a gyro including a sensor coil 
potted with NORLAND 65 acrylate-adhesive. The coil 
tested comprised 200 meters of 165 micron fiber man- 
ufactured by the Corning corporation. It was wound up- 
on a mandrel of carbon composite material in a twenty 
(20) layer configuration. 

[0029] The coll temperature was ramped both up and 
down. The data as plotted was corrected for both the 
linear relationship between gyro output and temperature 
and for temperature-rate dependence. The remaining 
residual bias is characterized by a standard deviation of 
0.62 degree per hour as the coil temperature was cycled 
between -10 degrees Centigrade and 70 degrees Cen- 
tigrade. As can be seen, an abrupt and extreme depar- 
ture of the data (a bias spike) occurs around 50 degrees 
Centigrade. The illustrated bias spike exceeds 5 de- 
grees per hour. 

[0030] Figure 4 is a similar graph of data obtained 
from another sensor coil potted in NORLAND 65 that 
was cycled between approximately -25 degrees Centi- 
grade and 70 degrees Centigrade. The data from this 
coil demonstrates the phenomenon of bias crossing. 
The standard deviation was obtained of 0.61 with peak- 
tCHpeak bias excursions exceeding 4 degrees per hour 
The plots of data obtained from different directk>ns of 
temperature ramping cross each other at two points cor- 
responding to approximately 6 and 50 degrees Centi- 
grade. Such crossings indicate that the bias depend- 
ence on temperature rate of change (or Shupe coeffi- 
cient) is also temperature dependent. Such dependency 
introduces extreme complications into the analysis of bi- 
as that, in turn, makes the modelling thereof, and the 
modelling of bias errors out of the gyro output signal, 
impracticable. 

[0031] The inventors have related the above-illustrat- 
ed phenomena to the physical behavior of the polymer 
employed as the potting material. Every polymer is char- 
acterized by its so-called glass transition region, a tem- 
perature range over which a significant change in the 



Young's modulus of the material is observed. This re- 
gion witnesses the transition from a glassy state to a 
rubbery slate as the temperature is increased. A poly- 
mer can exhibit a change in stiffness from greater than 

5 1032 X 10^ pascals (150,000 p.s.i.) to less than 2.78 x 
10^ pascals (400 p.s.i.) over its glass transition region. 
[0032] Figure 5 is a graph of the relationship between 
temperature and Young's modulus for cured NORLAND 
65 as its temperature is raised from -1 00 degrees Cen- 

10 tigrade to 1 00 degrees Centigrade. As can be seen, an 
abrupt decrease in the Young's modulus of the material 
begins as this acrylate-adhesive is cooled to approxi- 
nnateiy zero degrees Centigrade and such transition is 
completed at approximately 50 degrees Centigrade. 

IS This corresponds to the physical transition of the poly- 
mer from a glassy state to a rubbery state. The center 
of the transition region coincides approximately with the 
peak 18 of the graph of the imaginary part of the mod- 
ulus, which takes place at 28 degrees Centigrade. The 

20 Young's modulus of NORLAND 65 changes from ap- 
proximately 1517 X 10® pascals (220,000 p.s.i.) to ap- 
proximately 2.78 X 106 pascals (400 p.s.i,), a 500 times 
reduction in stiffness, over the transition region. 
[0033] The inventors have noted that the harmful phe- 

25 nomeria of bias spiking and bias crossing take place at 
temperatures within or close to the glass transition re- 
gion of this potting material. In fact, they have found that 
both "bias spiking" and "bias crossing" take place close 
to the two "edges' of the transition region, namely, 

30 around zero degrees Centigrade, and around 50 de- 
grees Centigrade. This has led them to deduce a corre- 
lation between the temperature-dependence of the bias 
phenomena and the glass transition region behavior of 
the polymer potting material, and to base new potting 

3S materials thereon. 

[0034] Accordingly, the inventors have realised that 
they ideally need polymer-based potting materials for a 
sensor coil characterized by (1) a glass transition tem- 
perature that lies below the operational range of the gyro 

40 which itself extends down to a temperature equal to or 
below 0'*C and (2) a sufficiently large modulus of elas- 
ticity (based upon the coil form factor and predicted vi- 
bration resonances) to effectively reduce the bias vibra- 
tion sensitivity to acceptable levels. 

45 [0035] Generally, commercial applications specify an 
operational range of -40 degrees Centigrade to 60 de- 
grees Centigrade while military specifications require 
operation over the region -55 degrees Centigrade to 1 05 
degrees Centigrade. It is, of course, noted that the glass 

so transition temperature and. consequently, the harmiu\ 
bias spikes and^Dias crossings of NORLAND 65 potted 
sensor coils unfortunately fall well within both military 
and commercial operating temperature specifications. 
[0036] The inventors have developed polymer-based 

ss potting materials that do not subject the potted coil and 
gyro to errors of the type experienced with NORLAND 
65 or like polymers. This has been accomplished in two 
ways. First, the coil is potted in a polymer adhesive 
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whose glass transition region is below the operational 
temperature range of the gyro sensor coil. Secondly, in 
recognition of the dependence of vibration-induced bias 
upon stiffness, appropriate "fillers' may be added to the 
polymer for the purpose of stiffening it in the rubbery re- 
gion so that the requisite Young's modulus is achieved. 
[0037] In particular the inventors have found silicones 
to provide good candidate materials. Their glass transi- 
tion temperatures lie below -55 degrees Centigrade and 
thus outside both commercial and military specifica- 
tions. While such materials are therefore satisfactory for 
assuring that a significant change in the Young's mod- 
ulus of the material, resulting in a bias spike or bias 
crossing, will not occur during normal gyro operation, 
the Young's modulus of such material in the temperature 
region exceeding (more positive than) the glass transi- 
tion region possesses a significantly lower modulus than 
below the transition region. This is, of course, the case 
Jor all polymers. For example, in Figure 5 it can be noted 
that the Young's modulus is very stable when the tran- 
sition temperature is exceeded although at a significant- 
ly reduced stiffness that may not be large enough to pro- 
vide desired resistance to vibration-induced bias. Simi- 
larly. Figure 6(A) shows that the Young's modulus of a 
silicone material is only about 2.55 x 10^ pascals (370 
p.s. i. ) and thus not stiff enough for a gyroscope required 
io operate in stringent vibration environments. 
[0038] The inventors have found that certain fillers' 
of varying material composition can be added to silicone 
to enhance material performance with regard to vibra- 
tion induced bias. The addition of such fillers thus per- 
mits one to obtain the desired vibration resistance de- 
spite the relatively-low Young's rrxxiulus of the 'bare' 
silicone material when the glass transition temperature 
Is exceeded. In effect, the addition of the filler material 
increases the stiffness of the silicone in the rubbery re- 
gion to reduce the gyro vibration sensitivity to the de- 
sired level. 

[0039] Among the filler materials that produce potted 
oensor coils with excellent bias characteristics is carbon 
black. This material is known to react chemically with 
rubber in such a way as to increase the tensile strength 
and modulus of such material. Accordingly, carbon 
black is known as a reinforcing filler of rubber The in- 
ventors have found that the reinforcing properties of car- 
bon black are applbable to the diverse problems dis- 
cussed above. Carbon black also increases the cohe- 
sive strength of a silicone composition, so that a coil pot- 
i 3d with silicone including carbon-black filler is more re- 
sistant to thermally-induced cracking and delamination 
oue to cohesive failure. When different fillers are added 
iothe bare silicone, attention must be taken to a possible 
(degradation of the adhesion or bonding strength. It has 
r.-een found that "baking" the fiber at 75 degrees Centi- 
fjrade or above improves the bonding strength between 
The fiber and the potting material. Other satisfactory iiW- 
::rs for silicone potting materials uncovered by the in- 
ventors include glass particles, quartz, silicon carbide, 



graphite and alumina (aluminum oxide) powder. 
[0040] Figure 6(A) is a graph of the Young's modulus 
versus temperature for the silicone composition of Mas- 
ter Bond, Inc. of Hackensack, New Jersey marketed un- 
5 der the commercial designation "Mastersyl 1 51 Figure 
6(B) is a graph of the Young's modulus vs. temperature 
of the same silicone material, filled with carbon-black. 
The carbon black filler material employed was THER- 
MAX Medium Thermal Black N-991 which is marketed 

10 by Cancarb Limited of Medicine Hat, Alberta, Canada. 
As can be seen in Figure 6(A) the glass transition of the 
silicone material is ceintered about -66 degrees Centi- 
grade with the stiffness of the material abruptly decreas- 
ing, as the temperature is increased above the glass 

IS transition region, to approximately 2.55 x 10® pascals 
(370 p.s.i.). This behavior is to be contrasted with the 
carbon black filled silicone material of Figure 6(b) whose 
glass transition region is centered at -72 degrees Cen- 
tigrade, again well below the gyro operational range. A 

20 more gradual decrease in the Young's modulus of the 
material is seen to occur as the filled material is heated 
above the glass transition region. In contrast to the sili- 
cone material lacking filler material, the sample of Figure 
6(b) approaches Young's nrxxiulus stability at a value of 

2S approximately 10.34 x 10® pascals (1,500 p.s.i.) within 
the rubbery region. Thus, the experimental data con- 
firms the utility of the particular filler, carbon black, as a 
stiffener of the silicone material when heated above its 
glass transition temperature. 

30 [0041] The inventors have applied the observed de- 
sirable properties of silicone and silicone-filled potting 
materials to the fabrication of gyro sensor coils and have 
realized outstanding results in terms of Improved per- 
formance. Figure 7 is a graph of bias error as a function 

3S of temperature for a gyro including a sensor coil potted 
in the carbon black-stiffened silicone composition of Fig- 
ure 6(b). The bias data was obtained from a forty (40) 
layer wound sensor coil formed of 200 meters of 165 
micron optical fiber made by Corning Corporation As in 

40 the case of the data plotted in the graphs of Figures 3 
and 4, the data of Figure 7 is corrected for both the linear 
relationship between gyro output and temperature and 
for temperature rate dependence. The remaining resid- 
ual bias is seen to be negligible, possessing a standard 

4S deviation of 0.1 9 degrees per hour as the temperature 
of the sensor colt is cycled between -50 degrees and 95 
degrees Centigrade. No bias spikes or bias crossings 
are present in the data of Figure 7. The contrast between 
the data of Figure 7 and that of Figures 3 and 4 is dra- 

50 matic and confirms the inventors' insights and supposi- 
tions with regard to the nature of the problems associ- 
ated with the potting of sensor coils in polymers. 
[0042] Figure 6 is a graph of the AC bias due to sinu- 
soidal vibration versusshakerfrequencyfora coil potted 

55 in carbon-black filled silicone. This bias data was also 
obtained from a 40 layer wound coil formed of 200 me- 
ters of 165 micron optical fiber made by Corning corpo- 
ration. As the graph shows, the AC bias output is sub- 
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stantially negligible in this measurement. The accelera- 
;ion level was kept constant at one g. 
[0043] Thus, it is seen that the teachings of the 
oresent invention enable designs to be produced which 
provide sensor coils that are substantially improved in 
\erms of minimization of bias sensitivities due to dynam- 
ic thermal and vibration environments. Moreover, one 
can obtain gyro performance that is substantially less 
subject to bias errors of environmental origin that were 
formerly unrecognized or unaddressed by the prior art. 



Claims 

1 . A fiber optic gyroscope having a specified operating 
temperature range and incorporating a sensor coil 
comprising an optica) fiber arranged in a plurality of 
concentric cylindrical layers, each of said layers 
comprising a plurality of turns (12) of said fiber, 
characterised in that the fiber optic gyroscope has 
a specified operating range which extends down to 
a temperature equal to or below 0*C and in that 
each of said turns (12) is encapsulated in a potting 
material (16) having a glass transition temperature 
lying below said specified operating temperature 
range. 

2. A fiber optic gyroscope as defined in Claim 1 , 
wherein the potting composition has a glass transi- 
tion temperature below '^0°C. 

3. A fiber optic gyroscope as defined in Claim 2. 
wherein the potting material (16) has a glass tran- 
sition temperature lying below -40**C. 

4. A fiber optic gyroscope as defined in Claim 3, 
wherein the potting rnaterial has a glass transition 
temperature below •SS^'C. 

5. A fiber optic gyroscope as defined in Claim 1, 2. 3 
or 4. wherein said potting material includes a sill- 
cone. 

6. A fiber optic gyroscope as defined in any preceding 
claim, wherein said potting material includes a filler 
component. 

7. A fiber optic gyroscope as defined in Claim 6, 
wherein said filler component is selected from car- 
bon black, glass particles, quartz, silicon caft)ide, 
graphite and aluminium oxide powder. 



Patentanspruche 

1. Lichtleitergyroskop, das einen festgelegten Be- 
triebstemperaturbereich hat und eine Sensorspule 
enthalt, die einen Lichtleiter umfasst, der in einer 



Anzahl konzentrischer zylindrischer Lagen ange- 
ordnet ist, wobei jede Lage eine Anzahl Windungen 
(12) des Lichtleiters besitzt, dadurch gekennzeich- 
net, dass das Lichtleitergyroskop einen festgeleg- 

s ten Betriebsbereich hat, der sich nach unten bis zu 
eIner Temperatur von 0*C Oder darunter erstreckt, 
und dass jede der Windungen (12) in ein Verguss- 
material (16) eingeschlossen ist, das eine Glas- 
Obergangstemperatur autwelst, die unter dem fest- 

10 gelegten Betriebstemperaturbereich liegt. 

2. Lichtleitergyroskop nach Anspruch 1. wobei die 
Vergussmischung eine GlasQbergangstemperatur 
unter -10"C haL 

IS 

3. Lichtleitergyroskop nach Anspruch 2, wobei das 
Vergussmaterial (16) eine QIasubergangstempera- 
tur hat. die unter -40''C liegt. 

20 4. Lichtleitergyroskop nach Anspruch 3. wobei das 
Vergussmaterial eine GlasQbergangstemperatur 
unter -55" C hat. 

5. Lichtleitergyroskop nach Anspruch 1 , 2, 3 Oder 4, 
2S wobei das Vergussmaterial Silizium enthalt. 

6. Lichtleitergyroskop nach irgendeinem vorherge- 
henden Anspruch, wobei das Vergussnrtateriai eine 
Fullstoffkomponente enthalt. 

30 

7. Lichtleitergyroskop nach Anspruch 6, wobei die 
Fullstoffkomponente ausgewahit ist aus der Gruppe 
mit Ru8. Glasteilchen, Quarz, Siliciumcarbid, Gra- 
phit und AluminiunrK)xidpulver. 

3S 

Revendieations 

1. Gyroscope d fibre optique ayant une gamme de 
40 temperatures de fonctionnement sp^cifiSe et com- 

portant une bobine de detection comprenant une fi- 
bre optique agencee dans une pluraiite de couches 
cylindriques concentriques, chacune desdites cou- 
ches comprenant une plurality de spires (1 2) de la- 
^ dite fibre, caract6ris6 en ce que le gyroscope ^ fibre 
optique a une gamme de fonctionnement specifiee 
qui s'etend jusqu'd une temperature egaie ou infe- 
rieure a 0**C et en ce que chacune desdites spires 
(12) est encapsul^e dans un matdriau d'encapsu- 
latkm (16) ayant une temperature de transition vi- 
treuse se siluant en dessous de ladite gamme de 
temperatures de fonctk^nnement specifiee. 

2. Gyroscope ^ fibre optique selon la revendication 1 , 
5S dans lequel la composition d'encapsulallon a une 

temperature de transition vitreuse inferieure k 
-IC^C. 
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3. Gyroscope k fibre optlque selon la revendication 2, 
dans lequet le mat^riau d'encapsulation (16) a una 
temperature de transition vitreuse se situant en 
dessous de -AO'*C. 

s 

^. Gyroscope k fibre optique sebn la revendication 3, 
dans lequel le nr)atdriau d'encapsulation a une tem- 
perature de transition vitreuse inlSrieure ^ -55*'C. 

S. Gyroscope & fibre optique selon la revendication 1, 
2, 3 ou 4, dans lequel ledit mat^riau d'encapsulation 
conttent une silicone. 

'S. Gyroscope k fibre optique selon Tune queteonque 
des revendications pr^c^dentes. dans lequel ledit is 
matdriau d'encapsulation contient un constituant de 
charge. 

7. Gyroscope k fibre optique selon la revendication 6. 
dans lequel ledit constituant de charge est selec- 
tionnd parmi du noir de carbone, des particutes de 
verre, du quartz, du carbure de siiicium, du graphite 
et une poudre d'oxyde d'aluminium. 

25 
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